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Facies characterization of Piacenzian (late Pliocene) carbonate sediments of the Guitar Formation in Car
Nicobar Island, India and the subsequent integration of paleoecological data have been applied to
interpret the paleoenvironment of the coralline algal-reef deposits. Thin-section analysis reveals that
Amphiroa, Corallina and Jania are the dominant geniculate corallines, while Lithothamnion, Mesophyllum,
Phymatolithon, Lithophyllum, Spongites and Lithoporella are the major non-geniculate corallines contrib-
uting to the sedimentary facies. Numerous small and larger benthic foraminifera also dominate the
biogenic assemblages. Corals, barnacle shells, echinoid spines, fragments of bryozoans, mollusks and
ostracodes are the subordinate constituents. Grainstones dominate the studied facies while packstones
and boundstones (with wackestone elements) are the sub-lithofacies showing a fair representation. Six
carbonate facies presenting a complete reef complex have been distinguished that were deposited in
shallow intertidal, back-reef shelf/lagoon, reef and deeper fore-reef shelf settings. Evidences of coralline
algal and benthic foraminiferal assemblages, taphonomic signatures of abrasion and fragmentation, grain
size, angularity and encrustation indicate a shallow to relatively deeper bathymetric horizon of
approximately 10e60 m that corresponds to a regime of high to moderate hydrodynamic conditions.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The coralline red algae (Corallinales, Rhodophyta) are signiﬁcant
carbonate producers present in several sedimentary facies world-
wide (Rasser and Nebelsick, 2003; Checconi et al., 2007). These
form important biogenic constituents of the Neogene carbonate
deposits of Andaman and Nicobar Islands (Chandra et al., 1999;
Ghosh et al., 2004; Saxena et al., 2005). Neogene succession of
Andaman and Nicobar, including the Guitar Formation is very
important in understanding the geology of India and the northern3; fax: þ91 522 2740485/
of Geosciences (Beijing)
evier
sity of Geosciences (Beijing) and PIndian Ocean because a wide array of microfossils (both calcareous
and siliceous) including smaller foraminifera, radiolaria, diatoms,
nanoplankton, ostracodes, silicoﬂagellates and pteropods have
been reported from these sediments (Sharma and Srinivasan,
2007). Different varieties of microfossils in the sequence of these
islands provide an opportunity for multiplemicrofossil zonation. As
both calcareous and siliceous microfossils are present, a multiple
microfossil-based biostratigraphy is possible and advantageous not
only in generating accurate biostratigraphic data but also in cor-
relation of sequences where one or more of the microfossil groups
are absent (Sharma and Srinivasan, 2007). Abundant occurrence of
smaller benthic foraminifera has high potential in unfolding the
tectonic history of the Andaman-Nicobar region. Several forami-
niferal taxa are depth dependent and therefore useful in under-
standing the depositional environment as well as changing
paleobathymetric trends in response to sea ﬂoor tectonism through
the Neogene. The Neogene microfauna of Andaman-Nicobar also
bear signatures of the tectonic changes of the neighboring regions
of South and Southeast Asia. Changes in the microfaunal assem-
blages across the Indonesian Seaway, for example, proved useful in
understanding the closing and opening of the seaway during theeking University. Production and hosting by Elsevier B.V. All rights reserved.
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evidences related to cycles of global cooling and warming. Climatic
cooling results in altering the nature of microfaunal composition by
bringing an increased percentage of cold water forms through
surface water movement or enhanced upwelling. Therefore, the
microfauna-rich Neogene sequence of Andaman-Nicobar, are ideal
for analyzing paleoclimate employing various microfossils, associ-
ated ash beds, stable isotopes and sedimentological data. The
sedimentology of Andaman-Nicobar can provide supportive evi-
dence in deciphering the orogeny of Himalayas with greater
discretion. Lastly, the potentiality of prospective mining and
hydrocarbon exploration in the Andaman and Nicobar Group of
Islands has been subject to very limited research.
Study of coralline algae from the Andaman-Nicobar basin was
initiated by Gee (1927) who recorded Lithothamnion nummulaticum
and L. suganum from the Middle Andaman and fragments of Lith-
othamnion from the foraminiferal limestone of Little Andaman and
Wilson Islands. Considerable additions to this initial data have been
substantiated later on by several workers (Narayana Rao, 1942;
Chatterji and Gururaja, 1972; Badve and Kundal, 1986, 1988, 1989,
1998) who surveyed the Andamans and reported several species of
coralline algae. There has been limited work on the Neogene
coralline algae with a brief note on Aetesolithon from Little Anda-
man being the ﬁrst document (Venkatachalapathy and Gururaja,
1984). Some partial contributions dealing with the taxonomy of
coralline algae from the Guitar Formation (previously namedFigure 1. Map showing the location of Car Nicobar and Kakana Section with reKakana Formation by Chandra and Saxena, 1998) of Car Nicobar
Island were provided by Chandra et al. (1999) and Ghosh et al.
(2004). In particular, Ghosh et al. (2004) applied modern taxo-
nomic criteria and diagnostic anatomical features (primigenous
and postigenous cell dimensions, conceptacle type and dimensions,
intergenicular cell measurements) following Woelkerling (1988),
Braga et al. (1993), Bassi (1998a) and Rasser and Piller (1999) for
describing species of Lithoporella, Lithothamnion, Phymatolithon,
Mesophyllum, Lithophyllum and Amphiroa from the Guitar Forma-
tion. However, any facies analysis and paleoenvironmental inter-
pretation of Car Nicobar carbonate sediments was still missing
prior to the present case study.
Thin-section microscopic analysis applied for distinguishing
facies, facies assemblages and depositional systems has added
substantial impetus to the progress of facies analysis and research.
Biotic and abiotic precipitation play an important role in the for-
mation of shallow water carbonates (Schlager, 2003) and
the resultant carbonate facies are mostly deﬁned according to the
dominant fossil assemblage (Flügel, 2004; Nebelsick et al., 2005).
This paper deals with the facies characterization of Piacenzian
(late Pliocene) carbonate sediments of the Guitar Formation
outcropping in the Kakana Cliff Section of Car Nicobar Island
(Fig. 1). Facies analysis and paleoecological data have both been
integrated to assess the paleoenvironmental setting. The major
aims of this case study are: (1) to distinguish and describe all the
facies of the Guitar Formation, (2) to provide a depositional modelspect to the Indian mainland and the Andaman-Nicobar Group of Islands.
Figure 2. Stratigraphic log of the studied section. MFT ¼ Major Facies Type.
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to present a comparison of the Guitar Formation coralline
algal assemblage with similar carbonate depositional systems
globally.
2. Geological setting
The Andaman and Nicobar Islands, located in the Bay of Bengal,
are the sub-aerial expression of a continuous ridge that connects
the Arakan-Yoma Range of Western Myanmar to the festoon of
south and west of Sumatra Islands and are divided into two groups:
the Andaman Group of Islands in the north and Nicobar Group of
Islands in the south, separated by the Ten Degree Channel. These
islands can be separated into two concentric arcs: the outer
(western) sedimentary arc comprising major islands of the Anda-
man and Nicobar, that extends southeastwards to form the Indo-
nesian orogenic belt and the inner (eastern) volcanic arc including
the conical volcanoes of Narcondam (131504000N, 941501500E) and
Barren (121703000N, 935203000E) Islands. A third island arc to the
west of the Andaman-Nicobar Islands is in the process of emer-
gence (Eremenko and Sastri, 1977; Saxena et al., 2005). The
geological evolution of the Andaman Arc System appears to have a
genetic linkage with the Himalayan chain and is the result of two
major orogenic events: (1) the pre-Neogene evolution of the island
arc, chronologically equivalent to episodes of Tethys destruction
and end of marine sedimentation in the Himalayas and, (2) the
Neogene evolution of the island arc which is contemporaneous
with opening of the Andaman Sea andmajor uplift of the Himalayas
(Srinivasan, 1986; Sharma and Srinivasan, 2007).
The Andaman and Nicobar Group of Islands, are characterized
by a thick marine sedimentary succession ranging from late
Mesozoic to Quaternary, divided in ﬁve lithostratigraphic groups,
i.e., Porlob (late Cretaceous), Serpentine (late Cretaceous to
Eocene), Baratang (late Cretaceous to late Eocene), Port Blair (late
Eocene to Oligocene) and Archipelago (early Miocene to Pleisto-
cene) (Karunakaran et al., 1968; Srinivasan, 1986; Sharma and
Srinivasan, 2007). The Archipelago Group encompassing the
Neogene sediments unconformably overlies the Paleogene Port
Blair Group. The Neogene sediments are composed of mudstones,
chalks and limestones. Abundance of microfossils like foraminifera,
barnacles and coralline algae mark the principal characteristic
feature of the Neogene sediments from this group.
Car Nicobar is the northernmost island of the Nicobars, situated
between 09070 and 091304500N latitudes and 92430 and 92500E
longitudes. It has ﬂat topography with low relief. Principal rock
types of Car Nicobar are not very much diversiﬁed, and consist only
of mudstones and limestones. The general climate is standard
tropical with temperatures ranging between 22 and 32 C and
mean relative humidity of about 82%. The Sawai Bay Formation
(Srinivasan and Azmi, 1976), Guitar Formation (Srinivasan and
Azmi, 1976) and Malacca Limestone Formation (Srinivasan and
Sharma, 1973) compose the Archipelago Group cropping out in
the Car Nicobar Island. The lowermost lithounit, Sawai Bay For-
mation, is characterized by light to bluish gray, moderately hard,
highly calcareous mudstones. Occasional small calcareous concre-
tions are observed in the mudstone giving it a nodular appearance.
The Guitar Formation conformably overlies the Sawai Bay Forma-
tion and consists of well bedded, cream colored to pale yellowish
gray, moderately sorted chalky limestones rich in coralline algae.
The formation outcrops at a number of places in Andaman-Nicobar
Islands. In Guitar Island, the type area, the formation overlies the
silty mudstone of Long Formation (Sharma and Srinivasan, 2007).
The uppermost unit, the Malacca Limestone Formation uncon-
formably overlies the Guitar Formation and is composed of white,
hard, compact, semicrystalline foraminiferal limestones.3. Materials and methods
A stratigraphic section located at about 1 km northeast of the
Kakana village (09070N and 92480E coordinates) and southeast of
the Car Nicobar Island was measured and sampled. The deposits
outcrop in twomore localities, one being exposed on either sides of
the Malacca-Kakana Road and another near the Mus Jetty, Car
Nicobar. The studied section is continuous and represents the
stratigraphic log of the deposits outcropping in a single locality. The
present study and sampling was conﬁned to the Kakana village
section.
The facies analysis was carried out from 27 hard, creamwhite to
yellowish, fossiliferous limestone samples (CN 1 to CN 27) of the
Guitar Formation (Fig. 2). A total of 108 paleontological thin sec-
tions (3.5 cm  5.0 cm) were analyzed. Study of thin sections with
uniform microscopic ﬁeld area standardized the diversity analysis
during point counting of specimens. This facilitated the determi-
nation of relative abundance of algae and other entities as a pro-
portion of the total biogenic assemblage observed in the slides
corresponding to a particular facies. Taxonomic uncertainties
related to fossil coralline taxonomy as discussed by Braga and
Aguirre (1995), Rasser and Piller (1999) and, Bassi and Nebelsick
(2000) have been avoided by using generic names only in the
present study. For algal identiﬁcation, standard literature sources
have been referred (Woelkerling, 1988; Braga et al., 1993; Bassi,
1998a; Rasser and Piller, 1999; Basso and Rodondi, 2006). Coral-
line algal growth-form terminology follows Woelkerling et al.
(1993). Taphonomy has been analyzed following Nebelsick and
Bassi (2000) and Basso et al. (2009). Thin sections were studied
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taken with Olympus PM-20 Exposure Control Unit. The classiﬁca-
tion scheme of Dunham (1962) has been applied for the carbonate
facies analysis.
4. Results
The studied carbonates consist of grainstones, packstones,
boundstones andwackestones dominated by coralline red algae and
benthic foraminifera. Both geniculate and non-geniculate coralline
algal forms are present. Nine genera of coralline algae were identi-
ﬁed: three geniculate genera: Amphiroa (lithophylloid), Corallina
and Jania, and six non-geniculate genera: Lithothamnion, Meso-
phyllum, Phymatolithon (melobesioids), Lithophyllum (lithophylloid),
Spongites and Lithoporella (mastophoroids). Numerous benthic
foraminifera including larger nummulitids (Amphistegina, Oper-
culina, Heterostegina), small rotaliids (Buccella, Cibicides, Elphidium),
miliolids (Quinqueloculina, Pyrgo, Triloculina, Spiroloculina) and
encrusting acervulinids (Acervulina) have been identiﬁed. Accessory
components are corals, barnacle shells, echinoderms, bryozoan
fragments, molluscs, ostracodes and gastropods.
4.1. Facies description
On the basis of biogenic composition and depositional fabric, six
facies were identiﬁed (Table 1): MFT 1 (Barnacle-foraminiferal
grainstone), MFT 2 (Coralline algal-foraminiferal grainstone-pack-
stone), MFT 3 (Foraminiferal packstone), MFT 4 (Coral-coralline
algal grainstone), MFT 5 (Amphistegina grainstone) and MFT 6
(Coralline algal boundstone).
4.1.1. MFT 1: Barnacle-foraminiferal grainstone (Fig. 3A, B)
This creamish white to light gray facies consists of barnacle
shells, small rotaliids (Buccella, Elphidium) and miliolidsTable 1
Summary of major facies type characterizing the Piacenzian carbonates of Car Nicobar Is
Facies type Dominating components Subordinate c
Barnacle-foraminiferal grainstone
(MFT 1)
Barnacle shells, rotaliid and
miliolid foraminifera
Corals, fragme
and non-geni
algae, gastrop
and echinoid
Coralline algal-foraminiferal
grainstone-packstone (MFT 2)
Corallina, Amphiroa, Spongites,
Lithophyllum, Lithothamnion,
rotaliid and miliolid
foraminifera
Algal fragmen
debris and int
Foraminiferal packstone (MFT 3) Rotaliids, miliolids and
nummulitid foraminifera
Amphiroa, frag
geniculate cor
barnacle shell
Coral-coralline algal grainstone
(MFT 4)
Coral blocks, geniculate algae
(Corallina, Jania, Amphiroa) and
non-geniculate algae
(Lithothamnion, Lithoporella,
Lithophyllum, Mesophyllum and
Phymatolithon)
Rotaliid, milio
acervulinid be
foraminifera,
algal debris
Amphistegina grainstone (MFT 5) Amphistegina, Heterostegina and
Operculina
Non-geniculat
melobesioids)
geniculates, fr
bryozoans and
Coralline algal boundstone (MFT 6) Melobesioid coralline algae
(Lithothamnion, Mesophyllum
and Phymatolithon)
Mastophoroid
Lithophylloids
fragments of g
coralline algae
fragments, en
acervulinids a(Quinqueloculina, Triloculina) as the major components constituting
nearly 40e45% of the biogenic assemblage. The largest barnacle
shells are 8e50 mm thick and 0.5e8 mm long. Subordinate com-
ponents are corals, very much abraded fragments of geniculate and
non-geniculate coralline algae, gastropods, ostracodes and echi-
noid spines. Owing to severe abrasion, the algal generic diversity
could not be established well for this facies. The matrix is poorly
sorted with randomly oriented angular grains ranging in size from
12 to 26 mm. This facies contains larger biogenic particles including
corals, which could act as substrates for coralline growth.
4.1.2. MFT 2: Coralline algal-foraminiferal grainstone-packstone
(Figs. 3C, D, 4A, B, FeH)
This light yellow grainstone-packstone facies is composed of
Corallina and Amphiroa (20%) associated with Spongites, Lith-
ophyllum and Lithothamnion (20e25%). In particular, mastophoroid
and lithophylloid forms are dominant with scarce presence of
melobesioids. Small rotaliid and miliolid foraminifera (35e40%)
are also present that include Cibicides, Elphidium, Quinquelocu-
lina, Triloculina, Pyrgo and Spiroloculina. The algal growth-form
diversity is relatively high with the presence of warty, lumpy,
unconsolidated, encrusting, arborescent and fruticose forms. The
matrix is poorly sorted. Some ooids and coated grains (5e10%) are
also present. These are mainly rounded and their size ranges from
0.4 to 0.8 mm. Algal fragments, echinoderm debris, intraclasts and
aggregates are the main nuclei of ooids and components of the
coated grains.
4.1.3. MFT 3: Foraminiferal packstone (Fig. 3E)
This creamish white to light gray facies, consists of densely
packed, poor tomoderately sorted packstonewith abundant rotaliids
(10e15%), miliolids (10e15%) and nummulitids (15e20%) in almost
equal proportions. Geniculate and non-geniculate coralline algae are
also present inminor quantities. Geniculate algae are represented byland, India.
omponents Algal growth-forms Facies interpretation
nts of geniculate
culate coralline
ods, ostracodes
spines
Unconsolidated, arborescent Shallow intertidal
ts, echinoderm
raclasts
Warty, lumpy, unconsolidated,
encrusting, arborescent and
fruticose forms
Back-reef shelf/Lagoon
ments of non-
alline algae,
s, echinoderms
Arborescent, lumpy Back-reef shelf/Lagoon
lid and
nthic
molluscan shells,
Arborescent, layered lamellae,
unconsolidated, warty, lumpy,
fruticose and encrusting
Reef
es (mainly
and some
agments of
mollusks
Unconsolidated, arborescent Fore-reef
s and
, peloids, small
eniculate
, bryozoan
crusting
nd nummulitids
Encrusting, layered lamellae,
fruticose
Fore-reef
Figure 3. Microscopic views of the observed facies types. (AeB) Barnacle shells with associate foraminiferal components. Drusy calcite as well as thin particles of isopachous ﬁbrous
cement is observable around the barnacle shells. Sample 7873 C. (C) Large protuberance of an undetermined non-geniculate coralline alga with fragments of geniculate algae and
Heterostegina in grainstone-packstone facies. Sample 7873 H. (D) Non-geniculate Spongites (left) and larger benthic foraminifer Operculina. Sample 7873 I. (E) Foraminiferal
packstone with abundant nummulitid (Amphistegina) tests. Sample 7873 K. (F) Dominating corals with encrusting coralline algae. Sample 7873 M. (G) Amphiroa with surrounding
corals. Sample 7873 N. (H) Amphistegina grainstone with abundant Amphistegina, abraded fragments of algae and other biogenic components. Sample 7873 Q.
Figure 4. Microscopic views of the observed facies types. (A) Fragmented Corallina with nummulitids, rotaliids, miliolids and various abraded biogenic facies constituents. Sample
7873 E. (B) Abraded benthic foraminifera with core and peripheral ﬁlaments of geniculate alga Amphiroa showing disarticulation. Sample 7873 E. (C) Undetermined melobesioid
coralline algae showing intense encrustation. Sample 7873 S. (D) Boundstone with encrusting thalli of Lithothamnion (left) and Spongites. Sample 7873 R. (E) Encrusting algal
boundstone (MFT 6). Sample 7873 S. (F) Grainstone with Lithophyllum pustulatum. Sample 7873 E. (G) Melobesioid coralline algae showing cell fusions. Sample 7873 I.
(H) Fragmented non-geniculate algal thalli. Sample 7873 F.
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unidentiﬁable mastophoroid elements. High rates of fragmentation,
disarticulation and abrasion are observed in the coralline algae. Some
corals, barnacle shells and echinoderms are also present in minor
quantities. The matrix shows poor to moderate sorting with angular
to round grains ranging in size from 10 to 16 mm.
4.1.4. MFT 4: Coral-coralline algal grainstone (Fig. 3F, G)
This light gray to light yellow facies is composed of abundant
corals (30e35%), geniculate coralline algae (20%) and non-
geniculate coralline algae (10e15%). The generic diversity of
coralline algae is highest in this facies type. Lithothamnion,
Lithoporella, Lithophyllum, Mesophyllum, Phymatolithon, Corallina,
Jania and Amphiroa are present. Among the non-geniculates, mas-
tophoroid and lithophylloid forms have higher abundance in
comparison to the melobesioids. A wide variation in coralline
growth-forms including warty, layered lamellae, unconsolidated
(irregular morphology), lumpy, fruticose, encrusting and arbores-
cent can be observed. Fragmentation and abrasion are common for
all the coralline algal forms. The high diversity of coralline algae is
well correlated to the diversity of available substrates. Algal debris
principally in the form of unidentiﬁable subrounded to subangular
coralline components is present. The debris also consists of loose-
lying non-geniculate, branched corallines corresponding to
maerls that are formed by the genera Lithothamnion and Meso-
phyllum. The debris constitutes 5e10% of the biogenic assemblage
demonstrating poor to moderate level of sorting. The subangular to
round grains range in size from 8 to 13 mm. Subordinate compo-
nents are poorly sorted debris of molluscan shells along with few
small benthic foraminifera (rotaliids, miliolids and acervulinids).
4.1.5. MFT 5: Amphistegina grainstone (Fig. 3H)
This yellow to light yellow facies is characterized by domination
of larger nummulitid Amphistegina representing about 50% of the
biogenic assemblage on average with subordinate Heterostegina
and Operculina. Coralline algal forms are represented by frag-
mented melobesioids and geniculates. Mastophoroids and lith-
ophylloids are very scarcely present. Incidences of taphonomic
features like fragmentation, abrasion and diagenesis declined in
this facies. Skeletal grains are well sorted and generally subangular
to round. Size of the grains vary from 3 to 6 mm. Subordinate
components are fragments of bryozoans and mollusks.
4.1.6. MFT 6: Coralline algal boundstone (Fig. 4CeE)
This massive gray boundstone facies is largely dominated by
non-geniculate coralline algae that are the main binders. Field
observation of algal crusts dominating the fabric of these lime-
stones led to this identiﬁcation (difﬁcult to assess boundstone
purely in thin section). Algal generic diversity is very high in this
case with dominance of encrusting growth-forms. Encrustation is
very commonly observed but the detrimental taphonomic signa-
tures are almost negligible in this compact facies except a few in-
stances of abrasion and bioerosion. Layered and fruticose forms are
also present in good numbers. The coralline algal assemblage in-
cludes Lithothamnion, Mesophyllum, Phymatolithon, Lithoporella,
Spongites and Lithophyllum which constitute nearly 45% of the
biogenic assemblage. Among the non-geniculate forms, melobe-
sioids are very much dominant in this facies with minor occurrence
of mastophoroids and lithophylloids. Subordinate components are
small fragments of geniculate coralline algae, bryozoan fragments,
encrusting acervulinids and nummulitids. Some peloidal layers do
exist in the microfacies that contain smaller algal fragments, and
also unidentiﬁed bioclasts ﬁlled by sparite. Most of the interstitial
cavities in this boundstone are ﬁlled by peloidal-bioclastic wacke-
stone-packstone.4.2. Growth-form analysis
Encrusting, protuberances of lumpy, fruticose, warty, layered
lamellae, unconsolidated and arborescent growth-forms have been
found in the present analysis. Maerls (MFT 4) characterized by free-
living, branching thalli of non-geniculate coralline algae are also
present (Basso et al., 2008). Lithothamnion andMesophyllum are the
coralline taxa forming the characteristic maerls in the current
study. The encrusting growth-form is observed in MFT 2 and 4 but
most abundant in MFT 6. At some places, thin layers of sparry ce-
ments are present between the lower surfaces of the thalli and the
sediments. These probably correspond to compactly arranged
cement in a packstone. Encrusting forms are not very commonly
abraded and fragmented but bioerosion is observed for some
specimens. In MFT 4, continuous growth of coralline algae around
the coral branches suggest encrustation of living colonies. Lith-
othamnion and Lithoporella are the genera showing this growth-
form. Protuberant growth-forms are uniformly present in all the
facies except MFT 5 and occur in three forms i.e., lumpy, fruticose
and warty between which inter-form transitions are present. Both
lumpy and warty growth-forms are observed in case of Lith-
othamnion. The warty growth-form shows the maximum abun-
dance in MFT 2. Lumpy growth-forms are well distributed in MFT 2
but decline in overall percentage analysis for the remaining facies.
The fruticose growth-form was recognized only for Mesophyllum
and the overall abundance was not high (MFT 2, 4 and 6).
Layered lamellae especially in case of Lithothamnion sp. are
observed in MFT 4 and 6. In case of the geniculate coralline forms,
disarticulation played a major role with complete absence of intact
geniculate specimens (intergenicula and genicula both present and
attached together). In the Amphistegina facies (MFT 5), arborescent
growth-form can be tentatively described for the disarticulated
intergenicula of small unidentiﬁed geniculate coralline algal frag-
ments. For other facies, larger size intergenicula with identiﬁable
characteristics are present with implication of arborescent growth-
form (MFT 2, 3 and 4).
4.3. Facies interpretation
4.3.1. Shallow intertidal
MFT 1 characterized by barnacle shells, rotaliid and miliolid
foraminifera indicates a shallow intertidal zone. Abundance of
barnacles with small foraminifera strongly demarcates an intertidal
interpretation for the deposition of this facies. The grainstones
could be the product of local accumulation of grains that settled out
of a mud-grain mixture with the mud being washed away by
ﬂowing active water currents and indicated by hydrodynamic ac-
tivities featured by variations in the permeability quotient for all
the studied facies (Shinn and Robbin, 1983). Another possible cause
for the lack of any mud-supported component is very rapid pro-
duction and accumulation of grains. Poor level of grain sorting,
presence of angular and coarse grains, absence of encrusting or-
ganisms and high degree of taphonomic signatures indicate MFT 1
as a typical shallow water facies with high hydrodynamic energy.
4.3.2. Back-reef shelf/lagoon
MFT 2 and 3 are characterized by dominance of grainstones and
packstones corresponding to a large proportion of geniculate
coralline algae, and smaller rotaliids and miliolids. The algal as-
semblages as well as the foraminifera recorded are generally found
in higher energy, shallow water settings, such as back-reef shelves
or lagoons (Ghose, 1977). A decrease in grain-supporting parame-
ters strong in case of MFT 1 eventually gave rise to packstones
observed partly in MFT 2 and more predominantly in MFT 3. The
coarse calcite cement, suggests a submarine cementation and an
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supported fabric and the poor to moderate nature of sorting of
skeletal components in the foraminiferal-coralline algae facies
indicate high energy conditions in this shallow subtidal environ-
ment. Apart from the angular grains, presence of round grains and
some encrusting forms denote slight increase in depth for the
deposition of these facies.
4.3.3. Reef
MFT 4 is dominated by abundant coral blocks and geniculate
coralline algae. In the overall analysis, corals are present in low
percentage but show high degree of abundance in this facies. This
reef could probably be a reef existing on a seamount margin per-
taining to a coastal edge on the windward side. The facies is
representative of a progradational cycle of the carbonate platform
that began with the offset of lagoonal conditions of the underlying
back-reef facies. The subangular to round grains showing decrease
in their size and increased occurrence of encrusting growth-forms
indicate further increase in depth. High occurrence of abrasion and
fragmentation however keep the facies within an overall shallow
bathymetry but below the fair-weather wave base.
4.3.4. Fore-reef
MFT 5 is characterized by larger nummulitid-dominated grain-
stones. As the genera Amphistegina, Operculina and Heterostegina
have been recorded in larger proportions, MFT 5 can be interpreted
as relatively deeper, fore-reef deposits. This is supported by the
occurrence of round, ﬁner grains that are well sorted. Limited
taphonomic characteristics present another evidence for this. MFT
6 is a coarse grained boundstone facies that comprises mostly of
encrusting and layered non-geniculate coralline algae Meso-
phyllum, Lithothamnion, Lithophyllum, Spongites and Lithoporella
alongwith varieties of bryozoan fragments, encrusting acervulinids
and larger nummulitid foraminifera, characteristic of a fore-reef
environment (Boudagher-Fadel and Lokier, 2005). The fore-reef
facies observed here generally presents a mass accumulation of
large sized bounding non-geniculate algal forms, which commonly
occur in the reef ﬂank beds due to transport and deposition of
parautochthonous loose remains and autochthonous elements. The
reefal environment with algal forms of Mesophyllum and Lith-
ophyllum nitorum indicates an open marine and fore-reef setting
(Ghose, 1977; Ghosh et al., 2004). Abundance of encrusting coral-
line algae and secondary occurrence of bryozoan fragments,
encrusting acervulinids, nummulitids with rare occurrence of
taphonomic signatures indicate deeper water settings for the
deposition of MFT 6. Presence of mastophoroids and lithophylloids
with the melobesioids delimit the bathymetry within 55e60 m.
5. Discussion and conclusion
The carbonate environment of the Guitar Formation is charac-
terized by uniform lithology. The microfossil assemblages of the
studied sequence seem to have developed in six facies comprising
different algal-foraminiferal assemblages. These have been distin-
guished using the dominating and subordinate biogenic compo-
nents and approximately correspond to the shallow intertidal,
back-reef shelf/lagoonal, reef and deeper fore-reef shelf facies.
The carbonate depositional setting in this case study demonstrates
an ideal paleo-reef complex. The generalized facies depositional
model suggests paleohigh accumulations for the carbonate
buildups that is in response to favorable ecological conditions and
leads to elevated production of dominant biogenic sediment con-
tributors i.e., coralline algae and foraminifera. These types of
buildups, with adequate development, act as barriers dividing the
depositional area into various sub-reef divisions (Bosellini, 2006;Montaggioni et al., 2011). The Guitar Formation shares many
characteristics with such organogenic accumulations. The features
of microfossil assemblages and depositional fabric support reef-like
nature of the present carbonate buildup that possibly stood below
the fair-weather wave base level for major part of the facies
deposition (due to thicker range of MFT 4, 5 and 6). The sedimen-
tation of these carbonates initiated with intertidal and back-reef
facies that provided attachment surfaces to the encrusting corals,
foraminifera and barnacles. This ultimately gave rise to a relatively
continuous sequence, indicated by the presence of near-shore
coralline algae which prefer shallow water depth. This was over-
lain by reef and fore-reef facies maintaining the proliﬁc growth of
foraminifera and sediment-binding coralline algae. There is thus a
clear indication of the development of reefal framework in the
Guitar Formation.
The presence of coralline red algae and small to larger benthic
foraminifera in all the facies indicates deposition within the
euphotic zone (Boudagher-Fadel and Lokier, 2005; Basso et al.,
2009; Nebelsick et al., 2012). Differences were observed in all the
facies dominated by coralline algae (MFT 6), benthic foraminifera
(MFT 3 and 5), both coralline algae and benthic foraminifera
(MFT 2) and benthic foraminifera and coralline algae in almost
equal proportions with barnacles (MFT 1) and corals (MFT 4). This
contrast is clearer when growth-forms of coralline algae are
compared. The facies with the highest coralline taxonomic diversity
(MFT 2, 4 and 6) also present the highest variability in the array of
growth-forms.
Coralline algal associations characterizing MFT 2, 3, 4 and 6 in
the present study have also been reported from the modern dimly
lit, exposed and cryptic surfaces pertaining to a wide range of
depths from shallow to deeper bathymetric horizons (Adey, 1979;
Bosence, 1991; Martindale, 1992; Perrin et al., 1995; Lund et al.,
2000; Braga and Aguirre, 2004). The dominance of Mastophor-
oideae in shallowwater settings with an increase in the presence of
Melobesioideae with depth has been observed in a wide array of
regions like the Hawaiian Islands (Adey et al., 1982), Ryukyu Islands
(Iryu et al., 1995), Papua New Guinea (Webster et al., 2004), Gulf of
Mexico (Minnery, 1990; Perrin et al., 1995), Rio de Janeiro (Tâmega
and Figueiredo, 2005), South Paciﬁc reefs (Littler and Littler, 2003)
and New Zealand (Nalin et al., 2008). Increasing dominance of
melobesioids with an increase in depth has also been reported in
several case studies of tropical paleoenvironments (Bassi and
Nebelsick, 2010). The melobesioid associations consisting mainly
of Lithothamnion and Mesophyllum as in the present analysis are
also characteristics of modern deep (>15 m) platform environ-
ments (Adey, 1986) such as the outer platform off southern
Queensland immediately south of the Great Barrier Reef (Lund
et al., 2000; Webster and Davies, 2003) and the deeper fore-reef
slope in the Huon Gulf, Papua New Guinea (Webster et al., 2004).
The dominance of subfamily Melobesioideae (Lithothamnion and
Mesophyllum) over members of Lithophylloideae (Lithophyllum and
Amphiroa) and Mastophoroideae (Lithoporella and Spongites) as
observed in the deeper water facies has also been recorded in
Paleogene and recent carbonate platforms from Italy (Vannucci
et al., 2003; Bassi, 2005), Gulf of Mexico (Minnery, 1990; Perrin
et al., 1995), Hawaiian Islands (Adey et al., 1982) and Ryukyu
Islands (Iryu et al., 1995). The facies composition and algal assem-
blages reported in the present case study can be correlated with
several other Cenozoic carbonate successions (Braga and Martin,
1988; Martin et al., 1993; Bassi, 1995, 1998b; Perrin et al., 1995;
Aguirre et al., 2000; Rasser, 2000; Braga and Aguirre, 2001).
On the other hand benthic foraminifera do not show a distinct
facies gradient. They are present in all the facies with signiﬁcantly
high dominance in MFT 1, 3 and 5. Operculina, Amphistegina,
Heterostegina, Elphidium, Triloculina and Quinqueloculina are the
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increasing stability of substrate matter can be correlated to the
dominance of other facies by coralline algae (MFT 2, MFT 4 and
MFT 6). The increased presence of corals in MFT 4 represents
relatively stable secondary ground surface and allows for intense
encrustation.
The distribution of facies in these Piacenzian carbonates can be
ascribed to the bathymetric gradients. Presence of barnacles in high
abundance indicates MFT 1 to have deposited in shallow intertidal
environment. The low algal diversity observed in this facies may
represent a taphonomic artifact. Abundance of geniculate coralline
algae (MFT 2 and 4) and small benthic foraminifera (MFT 1, 2 and 3)
in the respective facies implies a back-reef/lagoonal or reefal
depositional setting. Minor energy gradients between grainstones
(MFT 1, 2) and packstones (MFT 2, 3) can be attributed to episodes
of sudden ﬂux in the hydrodynamic energy. The major energy
gradient between the grain-supported facies (MFT 1 to MFT 5) and
boundstone facies (MFT 6) having mud-supported peloidal layers
and sparite elements is accompanied by: (a) an increase in the
micrite content, (b) shift from coarser to ﬁner sediments and, (c)
increase in the abundance of larger foraminifera. All these aspects
also suggest a decrease in hydrodynamic energy. The abundance of
non-geniculate coralline algae in the boundstone component can
be attributed to a low sedimentation rate. Corals are the major reef
builders with algae like Lithothamnion and geniculates being the
secondary builders. The abundance of non-geniculates, in terms of
percentage in the reefal population increases toward the fore-reef
or the outer edge of the reef (MFT 6). On the other hand, genicu-
late corallines are also characteristically associated with reef com-
plexes and their presence indicates an environment prevailing in
the inner margin of the reef or shallow back-reef region near the
reef core (Fig. 5). The study indicates the Guitar Formation to have
deposited in a marine environment ranging from shallow, high
energy (MFT 1 to MFT 4) to relatively deeper, moderate energy
waters (MFT 5, 6) with the bathymetry ranging from approximately
10 to 60 m. Melobesioid associations are found at depths ranging
from relatively deep to as high as 110e120 m (Braga and Aguirre,
2004). However, bathymetry in excess of 60 m cannot be inferred
for deposition because even in the deepest facies MFT 6, deeper
water indicating melobesioids are found in association with someFigure 5. Paleoenvironmental reconstruction model of the Guitar Formation indi-
cating the reef zones and corresponding biogenic elements. Thick line indicates
dominance.lithophylloid and mastophoroid forms that are normally typical for
shallow waters.
The abundance of large barnacles (MFT 1) indicates a highly
productive paleoenvironment dominated by K-strategists (Menge
et al., 1997; Sanford and Menge, 2001; Leslie et al., 2005). The
shelly, extremely coarse substrates present in the environment
presumably inhibited the presence of infaunal organisms, which
were not excluded from the habitat by the sedimentation rate
(Bassi, 2005). The high degree of abrasion of the foraminiferal tests
and thick coralline thalli encrusting the foraminiferal tests at a
number of locations in the facies suggests a short exposure time
and rapid winnowing. Presence of Lithophyllum, Mesophyllum,
Lithothamnion, Spongites and Lithoporella clearly indicates the ex-
istence of a warm sea having sufﬁcient light conditions. Predom-
inating presence of the geniculate form, Amphiroa suggests that
turbulence of water was moderate to high (Ghosh et al., 2004).
The studied Piacenzian carbonate benthic assemblages repre-
sent signiﬁcant changes in ﬂoral and faunal composition with the
operating gradients in the environment. The bathymetric distri-
butions suggested by the observed coralline algal assemblages and
their growth-forms provide a useful parameter in the paleoenvir-
onmental interpretation of the Car Nicobar Island. In terms of
micropaleontology, facies analysis described in this paper is very
important for the biostratigraphy and paleoecology of the late
Pliocene sediments of Car Nicobar Island, India.Acknowledgments
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